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ABSTRACT

Thirteen iodine-starch staining experiments with different boundangitions
and measurement scales were conducted at two sites to skefdyeptial flow
processes in natural unsaturated soils. Digital imaging asalyses implemented to
obtain the corresponding preferential flow patterns. The test seaudt used to
evaluate a recently proposed active region model in terms afséfulness and
robustness for characterizing unsaturated flow processes at field scale.
Test results provide useful insights into flow patterns in undatlisoils. They show
that flow pattern depends on the top boundary condition. As the total infiltrating-water
depth increased form 20 mm to 80 mm for the 100x10bptats, the corresponding
flow pattern changed from few preferential flow paths assediatith a relatively
small degree of stained coverage and a small infiltration deptha fmttern
characterized by a higher stained coverage and a largkratidn depth, and to
(finally) a relatively homogeneous flow pattern with few unstdi area and a much
larger infiltration depth. Test results also show that theepsetial flow pattern
became generally more heterogeneous and complex for a faegsurement scale

(or size of infiltration plot). These observations support the gerdga behind the



active region model that preferential flow pattern in unsatuisadésl are dynamic and

depend on water flow conditions.

Further analyses of the test results indicate that thesaetgion model is able to

capture the major features of the observed flow pattern at#ie of interest, and the

determined parameter values do not significantly depend on th@mnelti@ns (initial

water content and total amount of infiltrating water) for a given testBinis supports

the validity of the active region model that considers that paeart@ibe a property

of the corresponding unsaturated soil. Results also show that semsiantelation

seems to exist between active-fracture-model parameter ramdl@m-cascade-model

parameter. (The latter model is also developed based on thenerisif the fractal

flow pattern in unsaturated soils.) Furthermore, our test resuttsrdtrate that the

active-region-model parameter is not scale-dependent for ge rah scales under

consideration. Although further studies are needed to confirm this findisgems to

be consistent with a consideration that some fractal parameters (etgl,di@ension)

are universal for a large range of scales.

Key Words: Active region model; fractal; dye infiltration erp®ent; heterogeneous

water flow; random cascade model



1. INTRODUCTION

Spatial variability of the soil properties at fieddale make it difficult to describe

unsaturated soil-water flow and transport. One igod and common phenomenon in

unsaturated soil is preferential flow, which isfidiflt to capture by using traditional

continuum methods (Doughty, 1999). Even for homogeneous andustiass soil,

due to high nonlinearity of unsaturated flow processes, an infitrationt can

become unstable and split into fingers (Glass et al., 1988, Liu et al., 1998; Prless et

1999; de Rooij, 2000).

A variety of approaches have been developed to deal with preféflEntiaThese

approaches mainly fall into two categories: continuum and discretef(kiu 2005).

Several commonly used continuum-approach-based models, from the reiiuple

single-porosity model to more complex physically based dual-ggrosi

dual-permeability, and multi-region type models, were reviewe&ibwnek et al.,

(2003) in a study of macropore flow and transport in the vadose zone. Thaygh t

are relatively simple and straightforward to implement, traéti continuum

approaches are incapable of characterizing the preferential géaias caused by

fingering and the spatial variability of soil properties (ktual., 2005). In contrary,

discrete approaches, such as the diffusion-limited aggregation ifi&tekon et al.,

2001) and the random cascade model (Olsson et al., 2002), have been successfull



used to represent field observations. The success of discretedygzaa modeling
preferential flow mainly relies on their capability for geateng fractal and
multifractal patterns. However, these discrete approachelgmared for large-scale
applications (Liu et al., 2003) and the substantial physical mechanisdeslying
these approaches are still absent.

To properly characterize heterogeneous water flow processke soil, and to
benefit from the combined advantages of continuum and discrete apprdacletsl.
(2005) incorporated fractal theory within the traditional continuum appreazhe
developed the active region model (ARM). While the previous studieseofidld
observations (van Dam et al., 1990; Larsson et al., 1999; Ohrstrom 20G#)
supported this theory, an in-depth evaluation on the ARM has not yet been conducted.

Similar to the dual-domain model (van Dam et al., 1990, 1996; Larssdn et a
1999), the ARM divides the whole flow region into an active (mobile) andactive
(immobile) region. Water flow occurs in the active regionlgsigely, allowing the
inactive region to be simply bypassed. The major difference betieeARM and
the dual-domain model is that, in the ARM, the active region is fractal and ché&)gea
and the relative portion of the active region is expressed awer fonction of the
water saturation within the flow region. As the discrete apprgacde the fractal

dimension to characterize the heterogeneous flow patterns, the pddneter



(denoted byy) is used to describe the preferential flow patterns. Howewest of

the discrete models described flow stained patterns without takihgaguration

within the flow region into consideration. For instance, the paemie ), used in an

random cascade model with lognormal distribution of infiltration dépthng et al.,

2006), increases as flow patterns become more heterogeneous. Witiereas

consistency between field observations and proposed models support botarARM

the random cascade model for characterizing preferential fldvg pais necessary to

investigate the relations between and other fractal parameters used in the discrete

approaches to describe flow patterns to better understand flownpaittesoil and

some of the physical insights provided by the active region model.

To evaluate the ARM and relations betwegerand field observations, it is

needed to visualize the flow region first in order to determinettige flow region

from results of digital imaging analysis (Morris and Mooney; 20®He also needs

the water saturation distribution (within the flow regions) determined byasogpkng.

For flow path visualization, various tracers such as Brilliant Béug., Yasuda et al.,

2001; Morris and Mooney, 2004; Ohrstréom et al., 2004), or pH indicationkading

infiltration water (Wang et al., 2002, 2003) can be suitable, dependingten s

properties. Ketelsen and Meyer-Windel (1999) found that Brilliane B adsorbed to

clay minerals and the organic carbon seems to inhibit the adsobgtimasking clay



adsorptiorpoints. Soil with high clay and low organic carbon content tends to adsorb

more dys than others (Kasteelet al., 2002). Other factors, such as pHaémant

content (Flury and Fluhler, 1995), also affect adsorption. In the syu@hbstrom et

al. (2004), combined tracers of Brilliant Blue and bromide were weiéldl ,observed

dye patterns and measurement of the bromide concentration shoaigg |

heterogeneity. The dye did not move through the total soil matixrather stayed

within preferential flow paths. lodine-starch staining was proposeahaalternative

method to investigate flow pathways (Hendrikx, et al, 1988, van Omnedn €689,

Flury and Fluhler, 1995, Hangen et al., 2004). In addition to the wonderful advantage

of no toxicity, distinct visibility, and similar transport propestto water (Flury and

Fluhler, 1994), high water solubility and anionic properties provide the iddme

with high mobility and low adsorption, and make the iodine ion as andgleatacer,

especially in heavy clay soil. Based on the above consideratiengdine ion was

used in this study.

The major objective of this work is to evaluate the ARM with olesbr

soil-water flow patterns and the associated measurementstedllBom our field

tests. The study also tends to develop further insight into underbfiaigpns between

flow patterns and the ARM parameter. Specifically, we will (1) studiepzatial flow

patterns for a loam and a clay soil using iodine-starch stairihgh@racterize these



patterns for various boundary conditions and measurement scales, aete(8)ine

relationships between the ARM parameter and field test conditioreddition, we

also discuss relations between fitted values for the ARMnpetex and those for a

random-cascade-model parameter.

2. METHODS AND MATERIALS

2.1 Field experiments

Dye infiltration experiments were conducted at two differeakdfisites under

various hydraulic conditions, from June 2006 to Oct. 2007. One site, denotedshe

Site |, was located in the Irrigation and Drainage Station of Wulmaweltsity, China.

Before the experiment, the site was used for vegetation produthensoil texture

was loam with visually uniform profiles. The second site, denoteditasliSwas

located at the foot of Mountain Luodia, China. At this site, obviousopares were

observed in the top 40 cm layer. The second layer (below 40 cm) tednsik

unstructured clay. Before the experiment, the top 40 cm of soilrevasved. Soill

samples were collected at each site at the depths of 0-10, 1020 ,a2@ 50-100 cm

to investigate soil properties, including the soil texture, bulk densasosity, and

saturated hydraulic conductivity, which are summarized in Tablehé. sbil water

retention function was estimated from soil texture; the residizér contents are



0.07 and 0.12 for the loam and clay soils, respectively.

Before the experiments, an iodide indication solution was prepargd av
concentration of 50 gt, as suggested by Lu and Wu (2003). A 50 g water soluble
linear starch was mixed with 0.05L distilled water, then added tolibBing water,
keeping stirring until the solution become clear. After that, cooled the solutioarat
temperature. To make the iodide entirely oxidized (frono Il;) in the atmosphere,
40.40g Fe(N@39H.,O was added to the starch solution. Stirred the solution until
completely dissolved, then titrated the volume to 1.0L.

Under field conditions, 10 mL Brilliant Blue dye solution with a corication of
4 g/L and 10 mL iodide solution with a concentration of 20 g/L were eghpdi show
the difference. The excavated dye profiles indicated that tla@ tn@nsport distances
of Brilliant Blue (5.4 cm and 8.5 cm at Site | and Site Il, reSpely) were
significantly less than those of iodide (7.4 cm and 12.5 cm at Sited ISite Il,
respectively). The high adsorption of Brilliant Blue by the soitipies made those
differences.

A total of 13 dye infiltration experiments were conducted atwlwesites, with 7
conducted at Site | and 6 conducted at Site Il. The infiltratbmditions for each plot
are shown in Table 2. The experimental design is schematstaliyn in Fig. 1 (a, b).

Two rectangular frames were concentrically embedded into each plot. Endrante



is larger than the inner frame by 1 m in both length and widthorBehfiltration,

each plot was leveled to ensure a uniform surface boundary condition. T avoi

interference, the plots were placed at least 2 m apart éawh other. The inner plot

and outer area were covered with plastic film. At the beginningthef dye

experiments, the inner plots were prepared by ponding potassium sadiden (20

g/L) on the top of the plastic film, with the outer border areadéd with the same

depth of fresh water. When the experiment started, the plalsticwias removed

immediately, thus creating an almost instantaneous ponding imndiftren both inner

and border plots. Then the plots were covered to prevent evaporatiorfteind 12

hours to complete the infiltration process (Yasuda et al., 2001; Wang et al., 2006).

Twelve hours after tracer applied, the flow region visualizatvas started. In

the plots of Site I, the soil was removed layer by layegy (H{a)) at a vertical interval

of 1 to 5 cm from top to bottom. In the plots of Site II, a trenchwasually dug to a

depth of 1.5 m, 1.0 m apart from the experiment plots, one day before the dye solution

was applied. After infiltration, vertical soil profiles weegcavated across the plots at

a horizontal interval of 5 cm. After each layer or profile wagosed, the surface was

leveled and cleaned with a brush to remove soil particles redulteddigging. A

pressurized sprayer that releases a continuous fine mist wdstasapply the

indication solution onto the surface as uniformly as possible.
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Under atmospheric conditions, 75% to 85% of the total amount of ionic iadide i
converted into molecular iodine (Behrens, 1982). The iodine molecules taate
tube-like starch constituent amylase, being stabilized and disglaydistinct purple
color (van Ommen et al., 1988). This color reaction mainly occuledieginning 10
minutes after the indication solution was sprayed. Stainingrpatig@ere recorded
during day time using a CCD digital camera, with white sheed to diffuse the light
and to avoid direction radiation (Forrer et al., 2000). Each pixel ircdler images
was classified as “stained” or “unstained” based on its regengror blue values
(Forrer et al., 2000). Each pixel represents 1*mifithe original soil profile.

After visualization, soil samples were collected within thensth regions and
the unstained regions to investigate the soil water content digiribuSpecially, for
the plots at Site Il, soil samples were collected at deptis 1, 20 30 40, 50, 60, 70

and 80 cm in both the stained and unstained regions.

2.2 ARM and determination of its parameter values

While the details of the ARM can be found in Liu et al. (2005),gwe a brief
introduction to the ARM concepts and the relevant parameters herginthel
traditional continuum approaches, the whole flow region is considered to be

conductive, the flow and transport occurs in the whole flow region, adinthe

11



parameters used in the governing equations are related to the wholedion. The
main idea behind the ARM is that flow domain can be divided into aatidenactive
regions, flow occurs only in the active region (making the inaatdggon simply
bypassed), and the active region displays fractal propertiesefLal., 2005). The
relative portion of the active region is dynamic and expressadpasver function of
soil effective saturation S, , as follows:

f=(s) (1)
where f is the portion of the active regiory, is the ARM parameter, which is the
key parameter used for describing the fractal charattsrisf the preferential flow
and transport properties; anﬁe* Is the average active water saturation for the whole
flow region, defined as:

S = (2)
where V,, is the total water volume (excluding the volume correspondingndo t
residual water content) in the active regiofy, is the pore volume (excluding the
volume corresponding to the residuawater content) of the whole flow region
(including both the active region and inactive region). Eg. (1) is thedtatfon in the
ARM. In this study, we evaluate the ARM by examining (a) whetBg. (1)
satisfactorily represents the relevant field observations@mndhether the parameter

y is approximately constant with different test conditions forvemitest site. We

12



also investigate how the parameter changes with test scale. In general, we expect
it not to be a strong function of scale, because it is determigethe fractal
dimension of flow pattern, and the fractal dimension is a constatiffeient scales

for a fractal pattern.

From the definition of f , S

e

can be calculated by

S =fs, 3)

where S, is the effective water saturation within the active region, defined as

V,
S, = Jaw 4
L=y @

af

where V,; is the pore volume (excluding the residual pore volume) of theeacti

region. S, is calculated by the following equation

Sa — ea_gr
0.-6

S r

(5)

where 6, is the water content in the active regiof), is the saturated water content,

and 6, is the residual water content.

To evaluate the ARM, we need to determine relations betwednofislervations

and the ARM parametey in Eq.(1). In the ARM, the parameter is assumed to

be a positive constant (between zero and one), depending on soil properdies

used for characterizing the heterogeneous water flow properties (Liu280Gb).

13



2.3 The random cascade model and determination of its parameter values

As previously discussed in Section 1, to better understand flow rmmitesoil
and some physical insights of the ARM, it is necessary to tigats the relations
between y and other parameters used in the discrete approaches to describe
heterogeneous flow patterns. Since both the ARM and the randaadeasodel
were developed based on fractal behavior of unsaturated flow p#tterfiow
heterogeneity), we also compared parameter values determamecbdth the ARM
and the cascade model using field observations. Especially, evéenterested in
whether some intrinsic relation exists between these parameters.
The random cascade model was discussed in detail by Olsson(20@2); Schmitt,
(2003) and Wang et al., (2006). For convenience, we briefly review é HAére
infiltration depth was expressed as:

Z(x,y) = Zps(xY) (6)
where Z(x,y)is the infiltration depth at a location with coardtes X, y) in the
horizontal plane,Z, is the mean infiltration depth, and(x,y) is the random
cascade function. The construction of a randomacksbegins with the mean value
of the infiltration depth over a two-dimensiondkR) bounded region. The region is
successively divided intd equal sub-partsb£2’=4) at each step. During each

subdivision, the infiltration depth obtained at lr@ascade from the previous step is

14



distributed into theb subdivisions according to a set of cascade gesrsrdli All
these random variables are assumed to be positd/endependently distributed with
the property(W) =1, where E(-) denotes expectation. A field of infiltration depth
e(x,y) at the smallest scalg,, is given by the cascade generaw(x,y as:
s y) =[] W6y 7
Assuming the Gaussian distributiod/ (X, y) = exp[g] is used, whergy is a

Gaussian random variable of me& and variances?. The finial form of the

cascade generatoM/ (x,y i¥ given as:

W, (%, Y) = ex{ogo —%} ®)

Stained coverage was used to estidatand o . With a chosen set ofaZzand o, W
was calculated using Eq.(8) and then infiltraticeptth distribution was generated
using Eq (6); the generated coverage was compatbdhve experimental results, and
the correlation coefficient between simulated arehsured coverage was calculated.
By repeating the procedure with different setZofind o, the values o, and o
resulting in the highest correlation coefficient reveconsidered with the final
estimated parameter. The parameter stands for an index to evaluate the
heterogeneity of soil structure and plays a ke fial determing preferential flow

patterns. Theo value increases as flow patterns become moredgsieeous (\Wang

15



et al., 2006).

3. RESULTS AND DISCUSSION
3.1 Heterogeneous flow patterns

Fig. 2 shows the coverage of active regiore #kained region) versus
depth for the plots. Binary images of typical flpatterns for the four 160100 cnf
plots at Site Il are presented in Fig. 3. The d#fees in flow patterns among these
four plots are obvious. For the total infiltratimgater depths of 20 mm and 40 mm,
relatively homogeneous flow patterns are observed ia the upper 5 cm soil; then,
the flow becomes preferential. The stained covemgreases sharply with depth;
further down the profiles, the stained flow pathmadyally disappears. For the total
infiltrating-water depth of 60 mm, two differentylexs are detected in the flow
patterns, showing the transition of the homogenemidtration zone to the
preferential flow zone. Almost complete stainedarage, with few unstained spots,
is observed in the top 10~20 cm. In the soil bel@®®& cm, flow changs from
homogeneous infiltration to preferential flow chaeized by many smaller fingers.
For the total infiltrating-water depth of 80 mnhetflow patterns are much more
homogeneous than other cases, with a much lardétration depth and few

unstained region spots in the upper layer.

16



Stained patterns in vertical sections of the 1P00 cnf plot (Plot 12) and the
100x 400 cnf plot (Plot 13) are shown in Figs.4 and 5, respebti Compared with
the flow patterns shown in Fig. 3(b), flow patteinghese two figures become more
complex as the measurement scale increases. Thedstmtterns represented in Fig.3
(b) are quite simple and dominated by the narransthapes, whereas the stained
patterns shown in Figs.4 and 5 showed a broadeitdison of shapes.

The stained flow patterns in the horizontal secabtwo replication plots with a
total infiltrating-water depth of 40 mm (Plot 3 amdbt 4) are shown in Fig. 6.
According to tkse figures, stainedflow patternsof the two replicates are
significantly different from each other even under the same irrigatiomliti@ms.

Table 3 lists the maximum infiltration depth and the depthere 50% of soil
was stained (50% coverage depth). Averaged irgtdlsaturation was listed in Table
2, labeled as “Isa”, for the two plots with sam@emental treatment. A smaller ratio
for the maximum depth and 50% coverage depth wasrebd for the plots with
relative higher initial saturation.

All these observations indicate that charactegstitflow patterns are dynamic
and depend on water flow conditions. This is cdesiswith the general idea of the
ARM that the relative portion of the active regismot fixed, but a function of water

saturation in that region. It may be useful to eagire that the ARM was not
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developed for describing the details of flow patserbut for describing macroscopic

(horizontally averaged [in this study]) flow behawiTherefore, the ARM is evaluated

within such a context.

3.2 Relationship among y, initial water content and total infiltrating-water

depth

In the active region, all the water, excluding desil water content, is assumed to

be mobile. Therefore, experiments should ideally dagried out under dry soil

conditions (initial soil saturation near the resiipoint). However, under field

conditions, it is virtually impossible to carry oexperiments under such conditions.

To analyze the test data, we assumed that befste &k the water in the soil is

immobile, although the water content is higher tkizen residual water content. This

can be partially justified, considering that waflrws much more quickly in the

active (stained) region. Therefore, soil watethia tinactive” region with initial water

content higher than the residual content can beoappately considered immobile at

least during testing period.

Fig. 7(a)-(c) show the soil water content beford afier infiltration tests for the plots

located at Site I, with total infiltration-water ptds of 20 mm (Plot 1 and Plot 2), 40

mm (Plot 3 and Plot 4), and 60 mm (Plot 5 and B)ptespectively. Although the

18



initial soil water content of the plots are sigoéntly different, vertical distributions

of horizontally averaged soil water saturation hie stained regions (active regions)

show similar patterns. In the upper 0~Qwddayer (Znax is the maximum infiltration

depth), the soil water saturation in the stainediore is about 0.85 to 0.90.

Saturation in this layer was mainly affected by s®tture and porosity. In the middle

0.4~0.74yax layer, almost the same saturation was observeéthugh the initial water

content varies distinctly. However, compared witle wpper layer, the soil water

saturation decreases with depth, instead of keegdigconstant value. In the bottom

layer (0.7 ~1.0 4.y, the soil water saturation decreased to theaingaturation. In

addition, a further sharp decrease in the soil msdturation was observed in the plots

with relatively lower initial saturation.

The relation between effective saturation at@hed coverage for each plot is

presented in Fig. 8. The fittegt values (from Eq1)) are listed in Tabl&. In general,

Eq.(1) can fit the test results reasonably well dofull range of water saturations

under different test conditions (Fig. 8). In théext words, the key preferential flow

feature can be captured with the ARM. The fittgedvalues are close for different

initial water contents and total infiltrating watéepths for a given test site (Table 3

and Fig. 9), which is consistent with an ARM asstiorpthat the parametey is

approximately constant for a given site (Liu et28l05).
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3.3 Relationship among model parameters ¥ and o), flow pattern and
measurement scale

For each plot, dye-stained patterns are also ag@lyging the random cascade model.
The fitted values for parameters And o are listed in Table 3. A comparison
betweeny and o is shown in Fig.9 (a) and (b) for the plots ateSil and II,
respectively.

As shown in Table 3 and Fig.2 for the two replisateth the same experimental
treatments (Plot 1 and Plot 2; Plot 3 and Plotldt B and Plot 6), water penetrated
into deeper layers for the plots with higher ifitiaater saturation. Furthermore, the
o values for those plots with higher initial sativatare lower than the replicates
with lower initial saturation. Evidently, initialol saturation plays an important role
in the formation of preferential flow path, whichin accordance with the findings of
Diment and Watson (1985).

As indicated by Fig. 9, the degree of flow-pattéeterogeneity (characterized
by o) increases initially, and then decreases as mateninfiltrates into soil. The
flow patterns of the plots with total infiltratingater depths of 40 mm and 60 mm are
most heterogeneous (characterized by the largesvalues in Fig. 9) for the

100x100 crh scale plots at both Sites | and Il. Fig. 9 alsovehthat y and o

20



follow the similar trend, although variations in are very small.

As shown in Figs. 2 and.3, for the plots with a X000 cnf measurement scale,
flow patterns vary with top boundary condition. te total infiltrating-water depth
increased from 20 mm to 80 mm for the 100x106 ptats, the corresponding flow
pattern changed form few preferential flow pathsoasmted with a relatively small
degree of stained coverage and a small infiltratiepth, to a pattern characterized by
a higher stained coverage and a larger infiltratlepth, and finally to a relatively
homogeneous flow pattern with few unstained aredh amuch larger infiltration
depth. Whereas, for the plots with different measent scales (or plot sizes), flow
patterns also vary significantly and become momamex for a larger scale. For the
Plot 9, Plot 12, and Plot 13, the plots with sanfdtiating-water depths and different
measurement scales at Site Il, the correspondingand o ) values are not
significantly different.

These results (Fig. 9) seem to indicate that tlearsts a relationship between
y and o. This is not too surprising, considering that tlag all associated with
fractal patterns. As previously indicated, the ARMNAs developed for describing
macroscopic (or horizontally averaged [in this gtudlow behavior in natural
unsaturated soils, rather than detailed flow past@s those shown in Figs. 3-6. Given

the mathematical simplicity of the ARM and the cdexgty of those flow patterns,
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the consistency between the ARM and the obsenattoremarkable.

As previously discussed, the parameter (and o ) does not change
significantly with measurement scale. This is cstesit with an intuitive expectation
that the parametep is not a strong function of scale, because itrdateed by the
fractal dimension of flow pattern and the fractahension is a constant at different
scales for a fractal pattern. This finding is ofemest for practice, because it implies
that estimated values for from a relatively small scale can be directly used

large-scale problems.

4 SUMMARY AND CONCLUSIONS

At two sites, 13 plots with various boundary commlis and measurement scales
were established. Preferential flow patterns weneestigated using iodine-starch
staining. Test results provide useful insights ifitav patterns in unsaturated soils.
They show that flow pattern depends on the top tanncondition. As the total
infiltrating-water depth increased from 20 mm tor@én for the 100x100 chplots,
the corresponding flow pattern changed form fewquential flow paths associated
with a relatively small degree of stained coveragd a small infiltration depth, to a
pattern characterized by a higher stained covesadea larger infiltration depth, and

finally to a relatively homogeneous flow patterrtiwiew unstained area and a much
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larger infiltration depth. Flow patterns are alsfuaction of measurement scale. As

measurement scale increased, flow patterns becoone complex. Initial soil water

saturation also plays an important role in detemmginsoil water distribution and

heterogeneous flow patterns. Under the same expetahtreatment, for the plots

with relative higher initial soil water saturatiothe flow patterns were less

heterogeneous. Similar redistributions of infiliat in the stained region (active

region) at various depths were observed. In theu[gyer (0~0.44,y), Saturation is

about 0.85~0.95. In the middle layer (0.4~Q:4& saturation decreases with depth;

however, initial soil water saturation has littidliience on the saturation distributions

after infiltration. In the bottom layer (0.7~1.Q%), soil water saturation decreases to

the initial soil saturation, and greater decreassoil water saturation was observed in

the plots with relatively lower initial saturation.

The test results provide a valuable data set fatuating the ARM. It was found

that the water flow patterns under different tesiditions are satisfactorily described

by the ARM relation (Eq.(1)), supporting the vatydof the ARM. While details of

flow patterns (or flow heterogeneity) are obviouslgpendent on specific test

conditions, our analysis results show that thedittalues for the ARM parameter is

not sensitive to the considered test conditiontuding the initial water content and

top boundary condition for a given test site. Thesconsistent with an ARM
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assumption that the parameter is approximately constant for a given site.

We also examine relations among the ARM parametethe random cascade
model parametelo, and measurement scale. For the plots at the iexgatal scale
of 100x100 crhat both Sites | and II, the values of parameter(and ¢ ) increase
initially and then decrease with total amount diltirating water (ranging from 20 to
80 mm), indicating that the degree of flow hetermgty increases first and then
decreases. However, variations in ARM parametemwith the amount of infiltrating
water are small (Fig. 9) and are considered todmgigible in practice. For the plots
with different measurement scales at Site Il, aggueement scale increases, flow
patterns became more complex and heterogeneouseudowthe parametey for
these plots were not significantly different, derstoating that the parameter may not
be scale dependent. This may be because the paramets determined by the
fractal dimension (of flow pattern) that remainganstant at different scales for a

given fractal pattern.
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Table 1. Soil physical and hydraulic properties

bulk saturated hydraulic
depth texture porosity
density conductivity
Site >50um  2~-50um <2 um
cm o % o g cm?® % cm§
0-10 294 49.2 21.4 1.38 38.8 .40
I 10-20 28.2 49.4 224 1.40 40.2 %.20*
20-50 31.3 46.2 225 1.44 40.6 x.10*
50-100 321 44.8 231 1.45 44.4 %10*
0-10 35 55.0 44.5 1.44 40.2 %80°
10-20 4.4 51.5 44 .4 1.50 42.7 .10°
20-50 4.3 51.4 44.3 1.50 44.8 2.20°
50-100 4.7 50.7 44.6 1.59 45.1 %.20°
Table 2. The dye infiltration conditions of eacbtpl
Infiltration amount Loam Clay
(mm) 100x100 ch 100x100 crh 100100 crh ~ 100x100 crh
20 Plot 1 Plot 2 Plot 8 / /
40 Plot 3 Plot 4 Plot 9 Plot 12 Plot 13
60 Plot 5 Plot 6 Plot 10 / /
80 Plot 7 / Plot 11 / /
Table3. Parameters for describing flow heterogeneity aadtal.
Texture Plot % Zmax ISa Zoo/Zmax Za o 4
Plot 1 6.0 46.0 0.6134 0.13 6.5 0.302383 0.6181
Plot 2 12.0 41.3 0.7330 0.29 18.7 0.2505[7 0.7366
Plot 3 14.4 51.0 0.4840 0.28 18.4 0.650772 0.7882
L(-)am Plot 4 11.8 54.8 0.3470 0.21 19.3 0.500548 0.7198
(Ste D Plot 5 18.0 83.0 0.4729 0.21 18.7 0.401147 0.7208
Plot 6 324 106.0 0.7287 0.30 42.2 0.404418 0.7666
Plot 7 56.8 1145 0.5965 0.49 48.6 0.446059 0.6235
Plot 8 9.7 41.7 0.7093 0.23 16.4 0.5011%6 0.7203
Plot 9 23.4 85.4 0.5981 0.27 26.4 0.607724 0.7442
Clay | Plotl0 26.5 94.8 0.5318 0.28 38.4 0.921456 0.7787
(Site 1) | Plot11 43.4 108.2 0.6387 0.40 64.4 0.518782 0.6619
Plot12 14.2 90.2 0.5022 0.16 224 0.658258 0.7449
Plot13 30.3 98.4 0.4747 0.31 304 0.685169 0.7618

ISa: Average initial saturation.
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Figure List

Figure 1. Diagram of experimental set-up

Figure 2. Coverage of stained region vs. depth

Figure 3. Flow patterns of the 100cm size plotsit Il (Plot 8, Plot 9, Plot 10 and

Plot 11.)

Figure 4. Flow patterns of the 200cm size plotsitatil (Plot 12)

Figure 5. Flow patterns of the 400cm size plotsitatll (Plot 13)

Figure 6. Comparison of stained patterns at varaesths between two plots with

same ponding water of 40mm (Plot 3 and Plot 4)

Figure 7. Comparison between initial soil saturatimd saturation at the active region

(stained region) for the plots with same experiraetreatment (Plot 1 vs.

Plot 2, Plot 3 vs. Plot 4, and Plot 5 vs. Plot 6 )

Figure 8. Relationships between soil saturation@wérage of stained region, which

were used to fit Arm parameter .

Figure 9. Comparison of ARM parameter with random cascade model parameter

o , both of them were related to flow heterogeneity.
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(a) Plot 8 (ponding water: 20mm)

(b) Plot 9 (ponding water: 40mm)

(c) Plot 10 (ponding water: 60mm)
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(d) Plot 11 (ponding water: 80mm)

Figure 3
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(b) x=80cm

Figure 4
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(c) Plot 13 x=80cm

Figure 5
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